Children with very complex congenital heart disease not amenable to biventricular repair are increasingly being considered for a palliative univentricular care pathway. This involves a staged surgical approach culminating in the Fontan circulation with passive pulmonary blood flow and added resistances. The catheter based hemodynamic assessment at all three stages of this palliation is described in detail. Frequent pitfalls, inherent limitations and potential errors are discussed and clinical examples are illustrated.
INTRODUCTION
Children born with highly complex congenital heart disease may not survive to diagnosis. For those who are diagnosed, there are now treatment options available, all of which are rather high risk and ultimately palliative in nature. The surgical Fontan pathway [1, 2] offers reasonable quality of life for the majority of survivors for a number of decades although there is the need for close ongoing follow-up, long-term medication, and repeated surgical and catheter interventions. Families have to receive detailed counseling about the palliative nature of this approach and how it will affect the whole family's life.
Univentricular hearts are all those congenital cardiac lesions, which cannot be corrected or repaired to a circulation with two pumping chambers. This is either because of one of the atrioventricular (AV) valves being atretic (tricuspid or mitral atresia), or both AV valves emptying into the same ventricle (double inlet ventricles), or either of the ventricles being severely hypoplastic (hypoplastic left or right heart syndrome). In other cases, associated lesions such as straddling AV valves, multiple ventricular septal defects, multilevel outflow obstructions, or a combination of these may make the univentricular treatment pathway a less risky and more predictable choice for parents who are aware of the palliative nature of these treatment avenues. [3] 
PRINCIPLES OF UNIVENTRICULAR PALLIATION
On (ultrasound) diagnosis of the complex lesion, an attempt is made to protect the lungs from increased pulmonary blood flow and increased perfusion pressure. In cases with increased pulmonary blood flow and a normal pulmonary valve, the application of a pulmonary artery band may be required to limit pulmonary blood flow. Alternatively in patients with decreased pulmonary blood flow, this can be achieved by establishing pulmonary blood flow through small diameter systemic to pulmonary artery shunts or right ventricle to pulmonary artery (RV-PA) conduits (Blalock-Taussig (BT) shunt, Norwood/Sano procedure). Significant aortic arch obstruction also has to be addressed at this stage. In both case scenarios, the single ventricle will have to
Catheter hemodynamic assessment of the univentricular circulation
Stumper and Penford: Hemodynamics in UVH alternative to surgical systemic-to-pulmonary artery shunting or open septectomy.
Consideration for creation of cavopulmonary shunt
At 4-6 months of age, infants will have had a significant somatic growth and will have largely outgrown their initial palliative procedure. Saturations will typically be in the high 70 s or low 80 s. Pulmonary vascular resistance should have dropped to its lowest level. At this stage, it is important to get detailed insight into the pulmonary vasculature and pressures and overall morphology.
At Birmingham Children's Hospital, which has one of the largest univentricular treatment programs in Europe, we routinely perform cardiac catheter assessment before CP shunt. The pattern of systemic venous return is confirmed and the pulmonary vascular bed is imaged in great detail, documenting the pulmonary arteries, the capillary phase, and the pulmonary venous return in real time. In patients who initially started out with reduced pulmonary blood flow, there is no need to get direct pulmonary artery pressures by cannulation of the pulmonary artery system if the angiographic appearance of the pulmonary vascular bed (supply, arborization and venous return) is satisfactory. Advancing a four French catheter down a 3.5 mm BT shunt will reduce the lumen of the shunt by 15%-20%. Saturations will drop, and pulmonary arterial pressure measurements will be compromised. Several pulmonary vein wedge pressure measurements are more reliable, in our opinion.
If there is doubt about the size and adequacy of the pulmonary vascular bed (on angiography) to accommodate a low-pressure superior CP shunt circulation, we would consider catheter intervention to augment the size of the shunt or a limiting RV-PA conduit or balloon dilatation of any peripheral stenosis. Pulmonary arteries are distensible and their overall diameter/cross-sectional area is dependent on flow -the Nakata et al. index [5] is not load independent. [6] As long as peripheral arborization and pulmonary venous return are normal, together with satisfactory pulmonary vein wedge pressures, we would consider conversion to a CP shunt at 4-6 months and a minimum weight of 5-6 kg.
In univentricular pathway patients who have undergone initial pulmonary artery banding, we undertake detailed cardiac catheter hemodynamic evaluation when resting saturations are normally 75%-80% or below. Sampling for oxygen saturations is routinely performed in the SVC, the distal pulmonary arteries, the aorta, and one of the pulmonary veins to calculate Qp/Qs along the Fick principle. [7] Saturation sampling within the atria or the inferior caval vein is notoriously unreliable [8] with variation in measurement of up to 5%-8%, and thus, has been largely abandoned, other than in patients with a superior CP shunt (see below). pump the entire pulmonary and systemic blood flow, often reaching 300% of normal output and resulting in ventricular dilatation and hypertrophy. [4] At 4-6 months of age (when pulmonary vascular resistance has dropped to its lowest level), the mode of pulmonary blood supply is then changed over to a bidirectional cavopulmonary (CP) shunt (end to side anastomosis of the superior vena cava [SVC] to the [right] pulmonary artery). This leads to volume unloading of the (hypertrophied) systemic ventricle and results in nonpulsatile low flow perfusion of the pulmonary arteries. The systemic venous return from the inferior vena cava (IVC) drains back to the heart and mixes with pulmonary venous blood. Despite these dramatic changes, the superior bidirectional CP shunt normally provides infants and young children with sufficient pulmonary blood flow to maintain saturations of around 85%. During exercise (running around), the saturations will drop significantly, the child will get breathless and will have to rest between short bursts of (largely anaerobic) exercise.
At around 4-5 years of age, the Fontan circulation is then completed by redirecting the IVC return to the pulmonary artery.
This establishes a circulation in series with only one ventricular pump.
The conversion to a Fontan (total CP anastomosis) results in persistently elevated systemic venous pressures affecting liver and gut function and reduced cardiac output both at rest and during exercise. After the Fontan completion, cardiac output is governed by the added resistances of the pulmonary and systemic circulation and by the gradually declining function of the single ventricle. [4] MANAGEMENT CONCEPTS AND PHYSIOLOGIC CONSEQUENCES
At initial presentation
On presentation of children with complex congenital heart disease not amenable to biventricular repair, clinical assessment, pulse oximetry, chest X-ray, and detailed cardiac ultrasound are all that are needed to determine initial counseling and potential future management.
Invasive diagnostic cardiac catheter evaluation is rarely needed except for cases of late presentation with increased pulmonary blood flow to determine flows and vascular resistances. Interventional catheterization to enlarge the atrial septum (Rashkind balloon septostomy) and stent the arterial duct or a severely stenosed subpulmonary outflow tract may be considered as an It is also important to accept the fact that the Fick principle to calculate relative systemic and pulmonary arterial blood flow in complete mixing/single inlet or outlet lesions is generally very good (subject to sampling variations in different locations within the circulation), but that it may be false or contaminated by streaming effects of other lesions. These streaming effects are sometimes more significant in patients with two outlets and a pulmonary arterial band, rather than a single outlet and a shunt. The clinical findings and the chest X-ray appearances of pulmonary vasculature markings, pulmonary venous congestion, and cardiomegaly should always be taken into account. If the table-side calculations are not in keeping with the clinical picture (simply do not make sense), it is important to repeat the entire saturation run. Shunt calculations by oxygen sampling are subject to very numerous potential errors with variations of some 10%-20% for each measurement run.
Consideration for Fontan completion
In infants with a CP shunt as the sole source of pulmonary blood supply, the saturations are initially 85% or above as the SVC return constitutes around 60% of total systemic venous return. As children grow up and get more active (and start running around), the relative proportion of systemic venous return from the SVC decreases to around 40% and resting saturations drop with age. Most centers consider completion of the Fontan circulation at about 4 years of age and 15 kg in bodyweight. Of late, the creation of an extracardiac fenestrated Fontan conduit from the IVC to the pulmonary artery using 18-20 mm GoreTex tubes has gained widespread acceptance. [9] Invasive cardiac catheter evaluation is performed at BCH in all patients before Fontan completion. Typically, five French sheaths are inserted into both the right internal jugular vein and the femoral vein. If the femoral veins are blocked (some 15%) after staged surgery and intensive care therapy in the neonatal period, the femoral arteries are used and the heart and the atria are cannulated retrogradely. Pressure measurements are obtained at all sites. 
Fontan hemodynamics
With Fontan completion, there is further unloading of the hypertrophied and enlarged ventricle. Whereas the ventricle had to initially pump both the systemic and pulmonary blood flow (some 300% of normal) during the first-stage palliation, the conversion to a CP shunt (Stage 2) implies a very significant volume reduction of the systemic ventricle. Blood flow from the SVC now constitutes the sole source of pulmonary blood supply. Ventricular load (Q vent ) changes dramatically during the course of the palliation [ Table 1 ].
After the CP shunt, ventricular volume equals SVC return (= pulmonary blood flow) and the systemic venous return from the IVC.
[10] After Fontan completion, the ventricle has to pump SVC and IVC return. Any right-to-left shunt through a fenestration improves ventricular preload by reducing total effective systemic venous vascular resistance and thereby improving overall cardiac output.
CATHETER HEMODYNAMIC AND ANGIOGRAPHIC ASSESSMENT Invasive pressure measurements
The first pressure measurement to be taken in all children with univentricular heart circulation should be the ventricular pressure! The zero on the transducer should be adjusted to the level that the early diastolic pressure in the ventricle touches the baseline [ Figure 1 ].
Most cardiac catheter hemodynamic studies nowadays are being undertaken under general anesthesia with intubation and positive pressure ventilation.
This practice of obtaining invasive hemodynamics under general anesthesia in these patients may be wrong as one of the major driving forces of the CP/Fontan circulation is self-ventilation, i.e., the generation of negative intrathoracic pressure during inspiration to increase systemic venous return from the liver and the body.
If studies are performed under general anesthesia and ventilation, it is important to use minimal positive end-expiratory pressure so as not to reduce cardiac output. During mechanical inspiration, the intrathoracic pressure will increase and will decrease during mechanical expiration. Personal preference is to take all pressure measurements during mechanical expiration or while stopping ventilation for 30 s intervals. It is important to take/document all measurements during the same physiological state/phase of mechanical ventilation [ Figure 2 ].
Most hemodynamic recording equipments calculate min/max/mean pressures over 2-5 cardiac cycles. It is advisable to go through the traces at the end of the case rather than taking the computer-generated numbers! This is essential data interpretation and should be done by experienced staff cognizant of the potential pitfalls and limitations of these traces. [8] Equally, the intermittent conversion to junctional rhythm will largely affect atrial and pulmonary arterial pressure recordings [ Figure 3 ]. Care should be taken to record all tracings during the same rhythm, to make the data meaningful. A 24-h electrocardiogram tape is performed in all patients with intermittent junctional rhythm so as to inform the decision as to whether sequential epicardial pacing lead implantation should be considered at the time of Fontan surgery.
One mmHg equates to 1.36 cm of water column. In a passive circulation in series (CP shunt and Fontan [total CP connection]), blood behaves like water -it flows along the path of least resistance! It is extremely rare to record pressure gradients of more than 1 mmHg (during held expiration) anywhere in the CP shunt/Fontan pathways. These minor gradients represent very important obstructions to the circulation in series and will largely affect pulmonary afterload and with that overall cardiac output [ Figure 4 ]. Such lesions require addressing by interventional stenting procedures of the branch pulmonary arteries. [11] The most important aspect of pressure measurements is in the calculation of the transpulmonary gradient, which equals the difference between CP shunt/Fontan pressure and the pulmonary venous atrial mean pressure. That is, the figure that counts! That is the figure that overrides all zeroing errors and all the above limitations encountered A transpulmonary gradient of 3 mm Hg is acceptable for CP shunt patients. A transpulmonary gradient of more than 5 mmHg is very concerning in Fontan patients. A Fontan pressure of more than 20 mmHg is dramatically associated with poor outcome. [12] It will have to trigger (catheter) intervention where possible-or surgical takedown-to improve survival [ Figure 6 ]. Thus, it is of crucial importance to be meticulous and absolutely confident about the baseline zero.
Pressure measurements are taken within the ventricle, the pulmonary venous atrium, the SVC, branch pulmonary arteries, the Fontan conduit, and also the IVC. If these are not completely uniform, allowing for the respiratory cycle, and there is concern about any potential narrowing on angiography pull-back gradients should be obtained during apnea [ Figure 7 ]. Finally, it is important to obtain a pull-back gradient across the reconstructed aortic arch. Any arch obstruction with a gradient of more than 10 mmHg systolic, and with appropriate morphology on angiography, should be addressed by transcatheter balloon angioplasty. Cardiac output in the Fontan circulation is governed by the added resistances of the various components of the Fontan circuit, the resistance of the pulmonary vascular bed, and the pulmonary venous return back to the ventricle. Any added resistance or stenosis will further reduce overall cardiac output.
Calculations of flows and resistances by catheter
Oxygen saturations are being taken at most sites of the CP shunt or Fontan circulation. There is a significant error in sampling for oxygen saturations up to 3%-8% for repeat measurements in the systemic veins. Nonetheless, a step up of saturations from the SVC to the distal branch pulmonary arteries in a patient with a CP shunt should alert to the likelihood of significant systemic arterial collaterals to the lung. Equally, noticeably low saturations within the pulmonary veins should alert to the potential presence of pulmonary arteriovenous fistulae after superior or total CP shunt.[ Figure 8 ].
Most centers perform cardiac catheterization under general anesthesia with an inspired oxygen concentration of 25%-30%. Assumed oxygen consumption in an anesthetized child after CP shunt procedure and reduced cardiac output who has been starved for some 6 h is low. It is generally overestimated using the original Lafarge tables. [13] The accurate measurement of oxygen consumption is only performed for research purposes. [14] [15] [16] [17] Thermodilution techniques to determine cardiac output and flows have been largely abandoned. For clinical practice, the assumed values of 150 ml/min/m 2 in infants and 120 ml/min/m 2 in post-Fontan children are appropriate and accurate enough. At BCH, we do not measure dissolved oxygen in catheter studies undertaken in 30% oxygen or less. Considering the significant sample variations of oxygen concentrations in systemic venous blood (some 3%-8%), the catheter calculations of flows and resistances remain simply a rough estimate [ As the catheter evaluation of estimated flows using the Fick principle and assumed oxygen consumption is limited and fraught with problems in a CP or Fontan circulation, all further calculations of vascular resistances are potentially contaminated at least they have to be interpreted against the potential margin of error! As an adjunct to catheter evaluation of hemodynamics, a number of centers now utilize electrical bioimpedance cardiography which has been shown to give good estimates of systemic blood flow in a number of series. [18] [19] [20] The gold standard in cardiac output measurement and relative flows to the pulmonary arteries, systemic collaterals, or fenestration flow at present is magnetic resonance imaging. [21] [22] [23] Nonetheless, even that technique relies on several assumptions (such that venous vessels do not change caliber during the respiratory or cardiac cycle) and the inherent needs to measure small vessels by a technique which has limited spatial resolution and the need to trace flow curves. At present, only a few centers have the ability to combine invasive catheter hemodynamics and magnetic resonance imaging (MRI) evaluation simultaneously. [24] [25] [26] However, ultimately, this should be the best clinical practice, especially in patients who are considered for transplantation, for a failing Fontan circulation.
CONCLUSION
Cardiac catheter hemodynamic evaluation remains standard practice during the staged surgical approach in the management of univentricular hearts. Studies have to be conducted paying particular detail to the basics of catheter hemodynamic evaluation, and being aware of the many pitfalls and limitations, to best inform patient management. Newer techniques, such as MRI and impedance cardiography, should be added when possible so as to obtain the maximal information during catheter intervention or to inform future surgical management.
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